Objectives: We reviewed our 25-year experience in pediatric lung transplantation with the aim to identify trends and influencing factors over time.
See Editorial page 2023.
The first successful pediatric lung transplantation was performed in Toronto in 1987, and until now remains a scarcely performed procedure. 1 Only about 2000 cases have been
reported to the registry of the International Society for Heart and Lung Transplantation (ISHLT) so far, and the annual number of about 120 cases remains low. 2 Even more important, this small number of procedures is performed by approximately 45 centers, which implies that the number to center ratio is very low and hardly any center with a caseload exceeding 10 transplantations per year exists. 2 As a consequence, pediatric lung transplantation remains much less standardized than adult transplantation and the existing data on outcome and risk factors are limited. 3, 4 Because our center has a 25-year experience with a stable annual number of 5 to 9 procedures during recent years, we reviewed our results and experiences with this specific procedure.
METHODS
The study was approved by the institutional review board of the Medical University of Vienna. All relevant data were retrieved and analyzed from our institutional database, which was maintained prospectively by our Department of Pediatrics and Adolescent Medicine, focusing on our treatment strategy and effects of retransplantation. The study population consisted of all consecutive pediatric patients (age < 18 years at the primary transplantation) who underwent isolated lung transplantation at the Division of Thoracic Surgery, Department of Surgery, Medical University of Vienna, between April 1990 and December 2015.
Data Collection and Statistical Analysis
All parameters related to primary lung transplantation as well as retransplantation were collected and analyzed in this study. Pretransplant parameters included age, sex, body mass index, underlying disease, lung function, wait time, in-hospital admission before transplantation, preoperative mechanical ventilation, and preoperative extracorporeal membrane oxygenation (ECMO) support. Surgical and peritransplant parameters included the type of transplant procedure, intraoperative extracorporeal support (ECMO or cardiopulmonary bypass [CPB] ), donor factors (eg, age, sex, and ischemia time), and immunosuppression such as type of calcineurin inhibitor and use of induction therapy. Posttransplant parameters were duration of intensive care unit stay, posttransplant intubation time, postoperative ECMO support, total in-hospital time, posttransplant complications (eg, hemorrhage, infection, primary graft dysfunction [PGD] , and neurologic complications), need for tracheostomy, revision surgery and renal replacement therapy, occurrence of acute rejection, and chronic lung allograft dysfunction (CLAD), and causes of late graft failure and death. Follow-up for pediatric patients was performed by a dedicated team of pulmonologists from the Department of Pediatrics and Adolescent Medicine or after transition by adult transplant pulmonologists from the Department of Thoracic Surgery. All patients were followed on a regular basis; therefore, complete information on long-term vital status and organ function was available for every patient.
To analyze the change of our experience, the treatment period was divided into 2 equal time periods of 13 years (1990-2002 and 2003-2015) . Differences between the 2 time periods were calculated by 1-way analysis of variance or c 2 test. Overall survival (OS) and organ survival were calculated using a Kaplan-Meier method with log-rank test. Additionally, cumulative incidence of graft death and CLAD were also calculated using a competing risk analysis with Gray's test. Collected parameters were tested with an univariable Cox-regression model for each of the end points to identify risk factors for OS. A multiple-extended Cox-regression model was calculated mainly for each end point being significant and marginally significant in the univariable analysis (P<.1). In multivariable analysis, postoperative factors were excluded to identify true independent risk factors. Regarding risk factor analysis of organ survival, both univariable and multivariable analyses were performed using the Fine-Gray method. All analyses were performed using SPSS version 24.0 (IBM-SPSS Inc, Armonk, NY).
Treatment Strategy Donor selection, size matching, and organ retrieval. The principles of donor selection were in general comparable to those used in adult transplantation. Donors were evaluated according to age, available medical records, blood gas analysis, plain chest radiography, and findings during bronchoscopy and harvesting. Blood group compatibility was a prerequisite, and donor/recipient matching was based primarily on size (ie, height, sex, and total lung capacity). Additional factors such as age, urgency of the recipient, underlying disease, and estimated ischemia time were taken into account. Organ retrieval did not differ from our standard method for adult lung transplantation. An amount of 1.5 mg prostacyclin was given intravenously before aorta clamp, then the organ was perfused with 6 L Perfadex (XVIVO Perfusion AB, G€ oteborg, Sweden) in an antegrade manner under topical cooling. Retrograde perfusion with 3 L Perfadex was performed at the backtable. Before 2002, Euro-Collins solution was used to perfuse organs.
Standard surgical technique. The standard technique for lung transplantation in pediatric patients was bilateral sequential lung transplantation. In few patients, unilateral transplantation was performed when required by special indications. The technique and management did not differ from that applied in the adult population with the exception of a few specific aspects and details.
Size-reduced procedures, including lobar transplantation. Due to the scarcity of pediatric donor lungs, downsizing of oversized donor lungs was performed for a high percentage of patients. In case of a minor size mismatch of up to 20% of total lung capacity, nonanatomic resection of the middle lobe and/or the lingula was performed. In case of a more pronounced size discrepancy, anatomic lobar transplantation was performed. Split-lung transplantations (ie, separating a left donor lung, followed by bilateral lobar transplantation) and living-donor lobar transplantations were also performed in this series.
Use of extracorporeal support. Except for the early period of time when CPB was used whenever necessary, intraoperative extracorporeal support with central venoarterial ECMO was our standard treatment. In some patients, the intraoperative ECMO was transferred into the groin and prolonged into the postoperative period when indicated by patient instability or limited initial graft function. Criteria for prolongation were marginal quality of the donor organ, increasing need for more aggressive ventilation at the end of the intraoperative ECMO support, or a high-risk recipient. Venovenous (n ¼ 3) and venoarterial (n ¼ 6) ECMO was also used as a bridging device to transplantation in 9 patients.
Immunosuppression. Immunosuppression varied over the 25-year period. Whereas in the beginning routine immunosuppression consisted of a cyclosporine/azathioprine-based triple-drug therapy, later on a tacrolimus/mycophenolat triple-drug therapy became the standard treatment. Induction therapy with monoclonal antibodies was increasingly used over the period of time and was part of the analysis. 
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RESULTS
Eighty-six consecutive patients who underwent primary lung transplantation at our center were included in this analysis. The annual number of pediatric procedures is demonstrated in Figure 1 , A. A constant increase was observed over time, resulting in a frequency of 5 to 9 procedures per year during the past 5 years. Mean age of patients was 12.9 years (range, 6 months-17.9 years). The number of children aged 5 years was 6 (7.0%), those aged between 6 and 10 years was 19 (22.1%), and those aged ! 11 years was 61 (70.9%). Age brackets at primary lung transplantation were similar between the 2 time periods (Figure 1, B) . Details of the underlying diseases are summarized in Figure 1 , C. The most common indication was cystic fibrosis (64.0%) followed by primary pulmonary hypertension (14.0%). A noticeable increase of patients with primary pulmonary hypertension was observed during the second period.
Twenty-eight patients (32.6%) needed in-hospital management before transplantation; 14 (16.3%) were receiving mechanical ventilation, and 9 (10.5%) required preoperative ECMO support. Data regarding primary lung transplantation are shown in Table 1 . Eighty-four patients underwent bilateral double lung transplantation (BLTX), and 2 patients underwent unilateral single lung transplantation. Of 84 patients who underwent BLTX, 39 received standard wholelung transplants, 11 received size-reduced transplants, and 35 received lobar transplants. Among the 35 lobar transplants, 6 patients received BLTX from splitting of a left donor lung into 2 separate lobes. Four patients were transplanted with lobes from living related donors (3 BLTX and 1 single lung transplantation).
The standard intraoperative cardiorespiratory support was venoarterial ECMO, which was used in 68 patients (79.1%). In 28 patients (41.1%), intraoperative ECMO was prolonged into the early postoperative period. CPB was used in 7 patients (8.1%), the majority being transplanted during the early time. Only 11 patients (12.8%) underwent transplant without any intraoperative extracorporeal support. Values are presented as mean AE standard deviation, n/n, or n (%).
Early Outcome
Outcomes after primary transplantation are summarized in Table 1 . Thirty-day mortality and in-hospital mortality of the whole cohort were 8.1% and 17.4%, respectively. Reasons for early death included neurologic events such as bleeding or infarction, fatal infection followed by multiorgan failure, acute rejection, severe PGD, and bronchial anastomotic dehiscence.
Late Outcome
Kaplan-Meier curves depicting OS and organ survival after primary transplantation are shown in Figure 2 , A. (Figure 2, B) . Similarly, organ survival increased to 86.0% (95% CI, 74.9%-92.5%), 69.7% (95% CI, 55.2%-80.3%), and 52.1% (95% CI, 32.6%-68.4%) at 1, 5, and 10 years compared with 57.1% (95% CI, 33.8%-74.9%), 33.3% (95% CI, 14.9%-53.1%), and 9.5% (95% CI, 1.6%-26.1%) during the early period ( Figure E1 Figure E2 ) (P ¼ .09). The difference between OS (73.9%) and organ survival (52.1%) at 10 years was the result of a high number and excellent outcomes of elective retransplantations during the second time period.
The difference between the 2 periods for all the parameters related to lung transplantation is shown in Table 1 . Among patient characteristics and pretransplant factors, hospitalization before transplant was less frequent during the second period than during the first period. With regard to surgical and perioperative factors, younger donor age, increased use of induction therapy, and exclusive use of tacrolimus were identified during the second period compared with the first period. In terms of posttransplant factors and outcome, indication for tracheostomy, in-hospital mortality, and occurrence of CLAD were significantly lower during the second period compared with the first period. A, Kaplan-Meier curves (solid line) with 95% confidence interval (CI) (dotted line) for the overall and organ survival of all 86 patients. Overall survival at 1 year, 5 years, and 10 years was 79.0% (95% CI, 68.7%-86.2%; 64 patients at risk), 67.5% (95% CI, 55.8%-76.8%; 33 patients at risk), and 57.1% (95% CI, 43.1%-68.9%; 13 patients at risk), respectively. Organ survival at 1 year, 5 years, and 10 years was 79.0% (95% CI, 68.7%-86.2%; 64 patients at risk), 60.3% (95% CI, 48.2%-70.4%; 30 patients at risk), and 36.9% (95% CI, 22.9%-50.9%; 6 patients at risk), respectively. B, Kaplan-Meier curves (solid line) with 95% CI (dotted line) for overall survival according to treatment period. The overall survival during the second period was significantly superior to that during the first period (log-rank P<.01). Overall survival in the second period at 1 year, 5 years, and 10 years was 86.0% (95% CI, 74.9%-92.5%; 52 patients at risk), 73.9% (95% CI, 60.0%-83.6%; 23 patients at risk), and 73.9% (95% CI, 60.0%-83.6%; 7 patients at risk), respectively. Due to these considerable differences between the 2 time periods as well as the low number of patients in the first era, risk factors for OS and organ survival were only analyzed for patients treated during the second period. In univariable analysis, preoperative mechanical ventilation, induction therapy, acute rejection, postoperative tracheostomy, and postoperative reoperation were significant risk factors for OS (P <.05), whereas for organ survival only acute rejection was identified as a significant risk factor (P < .05) ( Table 2 ). Multivariable analysis revealed preoperative mechanical ventilation was a significant risk factor on both OS and organ survival (P <.05) ( Table 3 ).
In our patient cohort, 17 retransplantations were performed in 14 patients (Table 4) . One patient underwent 2 retransplants and another underwent 3 retransplants. The mean time to retransplantation was 1135 days. The indication for retransplantation was CLAD in 12 patients (85.7%) and acute rejection or PGD in 2 patients (14.3%). Both patients with acute retransplantation died during hospital stay, whereas all patients with elective retransplantation survived. Survival after retransplantation in the CLAD group was 91.7% (95% CI, 53.9%-98.8%) at 1 year and 80.2% (95% CI, 40.3%-87.6%) at 5 years ( Figure 3 ).
DISCUSSION
Lung transplantation of pediatric patients differs in many aspects from adult lung transplantation and represents an especially challenging procedure for many reasons. Pediatric patients not only own a different compliance profile and a special lifestyle, but also the low frequency of transplantations in this young age group as well as other issues such as anatomic aspects, scarcity of donor organs, or monitoring of graft function represent the main obstacles to its more frequent use. 3, 4 Because the annual number of pediatric lung transplantations is low-only around 100 worldwide reported cases per year-experiences of individual institutions are rather small. 2 The Medical University of Vienna has been a supranational referral center for pediatric lung transplant candidates for many years. Therefore, we were able to accumulate a reasonably large experience over a 25-year time period, which we aimed to summarize in this article. Similar to the international experience, we were able to observe a significant improvement in results over time. Whereas the outcome was 57.1%, 47.6%, and 28.6% at 1, 5, and 10 years during the first period of time, it improved to 86.0% at 1 year and 73.9% at 5 and 10 years during the second period. One main reason for this improvement can be seen in the growing experience resulting from a much higher caseload during the second period of time, which actually was almost 3 times as high as during the first period.
The further discussion and analysis will therefore mainly focus on this second period. It reflects the standard of treatment during the most recent 13 years, whereas the early period owns more historic aspects. Especially the observed 5-year survival rate of 73.9% during the second period compares favorably to data from the registry (56.4% for the period 2008-2013), but also to results from other single centers (44% for 1987-2007 from Hannover, 61% for 1991-2009 from St Louis-only patients with idiopathic pulmonary artery hypertension included). 5, 6 This outcome was found to be even better than the outcome described for the adult population in the registry for a similar period of time (1 year, 82.7% and 5 years, 55.4% for the period 2005-2012). 2 Compared with the outcome of our own adult patient population transplanted within the same time period (1-year OS, 83.1% [95% CI, 80.4%-85.5%] and 5-year OS, 71.2% [95% CI, 68.3%-75.3%]) ( Figure E3 ) similar results were observed. Additionally, our OS on conditional 1-year survival in the late period was superior to that in the early period ( Figure E4 ) (P ¼ .04), which is in contrast to published results from the United Network for Organ Sharing database. 7 These findings suggest that meanwhile the difference in results between adult and pediatric populations have leveled out, not only due to improvements in perioperative, but also in long-term management.
However, analysis of organ survival rates gives a somewhat different picture, because the 10-year organ survival rate of 52.1% during the second period was clearly lower than the 10-year OS of 73.9%. This difference was mainly caused by a very successful retransplantation strategy. Twelve patients received a total of 15 elective retransplantations for CLAD with a 1-year survival rate of 91.7% and a 5-year survival rate of 80.2%. Chronic rejection and the occurrence of CLAD remains a significant problem late after lung transplantation. Reduction of cumulative incidence of CLAD was not significant during the second period ( Figure E5 ) (P ¼ .21).
The results after elective retransplantation were remarkably good in this series, which is in contrast to the published experience. Pediatric retransplantation is very rare, with only 5 to 8 procedures being reported annually to the ISHLT registry and outcomes are worse than those after primary transplantation, with a 1-year survival of 56.9% and a 5-year survival of 33.1%. 2 Only recently have better results been reported by a single center with a 5-year survival of more than 40%. 8 In sharp contrast to these findings but in parallel to the experience in adult populations, 9 early acute retransplantation within 12 months after primary lung transplantation had very poor outcomes in our center, with both patients (from the early cohort) dying within 30 days. As a consequence of this, we abandoned early acute retransplantation, although we have not seen any need for it in recent years.
When comparing our results to registry data, the donor and recipient demographic characteristics, such as age distribution and underlying disease, were very similar to those in the ISHLT registry. 2 However, there were a number of other factors that might have contributed to the improvement of results and that need to be addressed. A very special feature of our pediatric lung transplantations was the use of ECMO for intraoperative cardiorespiratory support. The majority of patients (90.8%) from the second period were transplanted while on cardiorespiratory support, which was ECMO in 58 out of 59 patients. ECMO has replaced CPB as the routine intraoperative support completely, due to its many advantages such as a decreased systemic inflammatory response, the possibility to avoid full heparinization while at the same time offering completely s intraoperative conditions, and especially the protection of the first transplanted lung from overflow. [10] [11] [12] [13] [14] [15] [16] As a special treatment strategy, we have prolonged intraoperative ECMO into the postoperative period in about 33% of patients. Criteria for prolongation were marginal quality of the donor organ, increasing need for more aggressive ventilation at the end of the intraoperative ECMO support, or a high-risk recipient. In these situations, the central ECMO was transferred into the groin and continued for another 24 to 48 hours to provide prolonged controlled reperfusion. Most likely, this is among the reasons why we have not seen acute graft failure during the past years. This concept also allowed us to handle a quite sick patient population, which is demonstrated by the fact that 9.2% of patients were already receiving preoperative ECMO bridging and 13.8% were receiving mechanical ventilation at the time of transplantation. ECMO support as a bridge to transplantation is being increasingly used in selected patients, and satisfying outcomes have been documented in several single-center reports. [17] [18] [19] Also in this cohort of pediatric patients, neither preoperative ECMO bridging nor postoperative ECMO prolongation had a negative influence on both OS and organ survival, as calculated by uni-and multivariable analysis.
The high percentage of advanced and urgent patients also resulted in the need to apply different forms of size reduction procedures. This increased the pool of available donor organs by allowing us to use larger and oversized lungs for transplantation. 20 This strategy resulted in the use of lobar Values are presented as n, n (%), or median (range).
transplantation in more then one-third of patients during the second period of time. Similar to use of prolonged ECMO, lobar transplantation had no negative influence on survival as calculated by uni-and multivariable analysis. With regard to immunosuppression, 2 important factors have to be pointed out. Induction therapy mainly with alemtuzimab was administered in 76% of patients during the second period and tacrolimus-based maintenance immunosuppression was used us in all patients but 1. Both might have contributed to the reduction in CLAD in the population of the second period, 21 although there are certainly other factors of influence for this as well.
When trying to identify risk factors for OS, univariable analysis revealed that mechanical ventilation before transplantation, lack of induction therapy, episode of acute rejection, postoperative tracheostomy, and postoperative reoperation had significant negative influence, whereas multivariable analysis identified only preoperative mechanical ventilation. With regard to organ survival, preoperative mechanical ventilation was also a significant risk factor in both uni-and multivariable analysis. However, interpretation of these results must be performed very cautiously, because postoperative factors have to be seen as the consequence of a difficult operative course. For this reason, preoperative mechanical ventilation has to be considered as the only relevant predictive risk factor identified in this analysis.
The main limitation of this study is its singleinstitutional nature. Treatment plans, including surgical techniques and perioperative management, changed over time. Also, the type of perfusion solution changed from Euro-Collins to Perfadex within the study period. This could have added to the improved outcome of patients transplanted in the later time period. Another limitation is the relatively small sample size, which decreases the power of any statistical analysis. However, given the worldwide low number of pediatric lung transplantations, we believe that the data given here are of importance for a better understanding of the current position of pediatric lung transplantation.
CONCLUSIONS
Outcome of pediatric lung transplantation has significantly improved over the past 25 years and has become comparable to that of adult transplantation. Elective retransplantations for pediatric patients were performed successfully, and influenced strongly to improve long-term OS.
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